Studies of individual molecules, molecular aggregates, and more complex structures at insulating surfaces often involve noncontact atomic force microscopy (NC-AFM). 7À17 However, the interpretation of experimental images is difficult, and systematic high-resolution studies of individual molecules are still rare. It is widely acknowledged that knowing the structure of the NC-AFM tip apex is vital for our understanding and faithful interpretation of high-resolution NC-AFM images. 18, 19 Using well-characterized, stable, and atomically sharp tips is essential for achieving atomic resolution when imaging molecules at surfaces and for accurately analyzing the experimental data. However, preparing such tips is still a matter of trial and error. Solving this problem requires developing ways of characterizing and controlling the tip atomic structure. One strategy has been to characterize tips using field ion microscopy (FIM); 20 however, it is not practical to analyze every tip used before and after measurements. A possible solution to the tip control problem is to functionalize the tip using a small molecule, such as CO, 21 or a Xe atom. 22 In many sample systems, however, controlled functionalization of the AFM tip is difficult to achieve. The imaging strategy with such tips has been based on measuring short-range repulsion forces, 23 which has both advantages (it provides intramolecular resolution) and disadvantages (it may distort the image or manipulate mobile molecules).
Microfabricated Si cantilevers with integrated pyramidal Si tips are widely used in NC-AFM experiments. Due to the presence of directional covalent bonds, Si or oxidized Si tip apexes exhibit many possible tip structures. Thus, many different tip models need to be tested to find reasonable agreement between experiment and simulation. 24 On the other hand, atomically sharp stable metallic tip apexes, which allow for atomic resolution, can be expected to have a pyramid-like pointed structure. 25 We have recently observed that Cr-coated Si tips provide good atomic resolution with chemical specificity when imaging is carried out at rather large (>0.5 nm) tipÀsurface separations on binary ionic surfaces. 26À29 Such tips can be prepared via thermal evaporation in situ. 26 Moreover, the conductivity of the coated tip can be checked to ensure that it is indeed metallic. 27 Recently, this method has been used to determine the adsorption site and geometry of single Co-Salen molecules on the NaCl(001) 28 and NiO(001) 29 surfaces with atomic accuracy. These metallic tips can be used to atomically resolve flat surfaces at large distances with minimal risk of contamination from the surface. The high chemical resolution achieved on these ionic substrates has been attributed to the existence of a dipole moment at the metallic tip apex. However, the magnitude and origin of this dipole are still poorly understood. The mechanisms responsible for chemical contrast when employing metallic tips has been attributed to the Smoluchowski effect. 30 It is generally accepted that step features at metal surfaces possess dipole moments due to the incomplete screening of positive ion cores by conduction electrons. This is consistent with measurements studying the influence of step edge density on work function performed on the Au(111), 31 Cu(111), 31 Pt(111), 32 and W(110) 32 surfaces, which all indicated the presence of a 0.1À0.2 D dipole moment. Calculations using the jellium model predict that this dipole is proportional to step height and screening length. 33 However, the magnitudes of dipole moments observed at step edges appear to be too small for the presence of these features to explain the experimentally observed image contrast at large tipÀsurface separations. The occurrence of larger dipole moments at the tip apex requires sharper, pyramidal features, 27 possessing lower coordinated atoms. The existence of such features can be inferred from NC-AFM and other experiments but cannot be proven by directly imaging the tip. In this work, we introduce a systematic procedure for characterizing metal-coated tips and imaging molecules at bulk insulator surfaces using NC-AFM. We demonstrate that, by imaging the surface with atomic resolution, one can determine the effective tip dipole moment. Chemical identification of surface ions and images of small adsorbed molecules can be then welldescribed by using a point dipole to represent the tip.
We prove that by comparing experimental and theoretical scan lines of adsorbed CO molecules on NiO(001).
In particular, our results demonstrate that metallic tip apexes are consistent with pyramidal nanoasperities with a typical electric dipole moment on the order of a few Debye (1 D = 3.3 Â 10 À30 Cm). At distances of 0.5 to 0.8 nm from the surface, such a tip effectively behaves like a point dipole. Irregularly shaped multiasperity tips can be represented as several dipoles. Using such tips can result in artifacts if polar molecules are imaged. The imaging mechanism is therefore easy to model as contrast is primarily due to electrostatic interactions. Once the tip dipole moment is estimated, modeling of surface images from density functional theory (DFT) is reliable and much faster than with conventional methods. 27, 34 Although at short tipÀ surface separations these tips are effectively blunt and cannot resolve the internal structure of larger molecules, they may be able to probe molecular dipole moments. We note that interpretation of NC-AFM images obtained using CO-functionalized tips at large distances 35 is similar to that with metallic nanoasperity tips. This is due to the fact that a CO molecule possesses a dipole moment, as well (although significantly smaller in magnitude than the dipole moment of pyramidal metallic nanotips), which, if adsorbed on a metallic tip, also points with its positive pole toward the surface.
RESULTS
Metallic AFM Tips. Perhaps the closest one can get to characterizing the atomic structures of metallic STM and AFM tips is by using FIM. Tips fabricated from polycrystalline and single-crystalline W(111) wire via DC electrochemical etching have been studied in this way before and after using them to image various surfaces. 20 These results demonstrate the presence of atomic steps at the otherwise smooth W tip surface. A number of work function measurements at metal step edges are consistent with the Smoluchowski effect; however, the dipoles inferred are generally much smaller in magnitude than those predicted for Cr-coated AFM tips. 27 In this work, the entire Si cantilever was coated in situ with nominally 4 nm of Cr to produce a conducting path between the tip apex and the cantilever stage. Cr adheres well to the Si oxide layer, and thin Cr films have been used in the past to improve the deposition of other metals 36À38 on oxidized Si. The deposited Cr exposes the (110) surface, and these films are known to be quite rough; their morphology depends on the method of deposition and the film thickness.
36À38
Previous theoretical studies using a Cr tip model 27 indicated the presence of a dipole moment with the positive end oriented away from the surface. Here we ARTICLE elucidate how this dipole moment depends on the tip morphology and demonstrate that the proposed tip model is consistent with the experimental data. We approximate our Cr-coated tips as macroscopic spheres terminated by Cr(110) terraces (Cr crystallized in the bcc structure). Representative nanotips were constructed as pyramidal asperities on the Cr(110) surface, as shown in Figure 1 . The pyramid structure was chosen according to classic Wulff construction 39 to minimize the total surface energy of the asperity. The total dipole moment of the surface with a pyramidal nanotip was calculated from a change in the work function of the system (see Methods for details). We note that using Cr clusters rather than surface slabs with pyramidal asperities shown in Figure 1 may lead to incorrect predictions. 40 The dependence of the magnitude of the tip dipole moment on the number of atomic layers in the pyramid is shown in Figure 2 . These results agree with prior calculations 27 that predicted 1.2 D for a single adatom and 6 D for a three atom high nanoasperity and are comparable to the experimental measurements on the Au and Cu surfaces. 31 In these experiments, the dipole moment was determined to be 0.16 D/step atom on Au and 0.5 D/step atom on Cu surfaces. 31 While these results present dipole moments that are significantly smaller, they correspond to edge atoms that are better coordinated than single adatoms. It has indeed been previously predicted that the Smoluchowski effect should increase with increasing step height and decreasing coordination. 33 Larger pyramid features containing lower coordinated atoms are expected to possess much larger dipole moments than step edges. Our results show, however, that the dipole moment of a pyramidal nanotip does not scale linearly with pyramid height. This effect can be explained by the difference in work function between the (110) and (100) surfaces of Cr. The work function of Cr(110) was calculated to be 4.8 eV, while the work function of Cr(100) was calculated to be 4.0 eV. As Cr(100) facets are exposed as sides of the pyramid tip on the surface of Cr(110), a charge transfer occurs that contributes to the total dipole moment of the tip. The work function near these asperities decreases until it eventually converges to the value of the Cr(100) surface itself. At this point, the total dipole moment of the tip should converge, as well. This suggests that the Smoluchowski effect is not the only mechanism involved and that charge transfer due to a difference in work function must be considered. It then follows that the dipole moment may be greatly reduced or even inverted in some materials.
To illustrate this point further, we have also considered pyramidal asperities grown on the less stable Cr(100) surface. In this case, one can expect that the surface may transfer charge to the tip apex instead. The dipole moment of several pyramidal asperities grown on Cr(100) are shown in Figure 3 . These results show that asperities on less stable surfaces may possess inverted dipole moments due to charge transfer from the surface to the asperity apex. On Cr(110), the orientation of the dipole moment due to charge transfer matches the contribution from the Smoluchowski Total dipole moment of various pyramidal nanotips as a function of pyramid height. These tips were constructed as pyramidal asperities on the Cr(110) surface. The dipole moment found at the tip apex of these asperities increases with pyramid size but should eventually converge to a maximum value. ARTICLE effect. On Cr(100), however, the two contributions work against each other and result in a lower absolute value of the dipole moment. The magnitude of these dipole moments is indeed on average 1 D lower than those predicted for the Cr(110) surface. Since it is difficult to define the work function of a small facet, this discussion is only qualitative. At the genuine nanoscale, the distinction between these two effects blurs and all that can be considered is the net effect of electron density redistribution around the nanotip.
In the following discussion, we assume that the exposed surfaces in experimentally produced tips are the most stable ones, that is, pyramidal nanotips on Cr(110). Such tips would possess dipole moments with the positive pole oriented toward the surface. We then show that at large tipÀsurface separations the tip dipole can be represented using a point dipole.
Explicit Calculation of Experimental Tip Dipoles. To further quantify this model, we used the experimental data obtained as a result of imaging the NiO(001) surface with Cr-coated tips. We demonstrate that, assuming the point dipole approximation for a metallic AFM tip, the magnitude and orientation of this dipole can be determined from the experimental data.
The total force can be decomposed into long-range van der Waals (vdW) interactions between the macrotip and the surface, local vdW interactions between the nanotip and the surface, and midrange electrostatic interactions between localized dipoles in the tip and sample, as illustrated in Figure 4 . At large tipÀsample distances, the contribution from short-range repulsive interactions can be ignored. Note that long-range electrostatic interactions are negligible, as the average contact potential difference is compensated for by applying an appropriate bias voltage between the tip and sample.
At large tipÀsurface separations, only the forces due to macroscopic vdW interactions are present. This component can be accounted for using an analytical expression and fitting a set of parameters directly to the experimental data. In this simple model, a tip is represented by a conical section with a spherical cap 41 and the force can be calculated with respect to distance between the macrotip and the surface H. To achieve that, a long-range theoretical force curve was fit to an experimental force curve measured above the NiO(001) surface and compared in Figure 5 . In order to obtain a physically meaningful and unique fit, the parameters of the model were constrained in the context of what we know about our tip and the materials used in the system. The Hamaker constant A H can be calculated using Lifshitz theory from dielectric constants and refractive indices for a variety of inorganic materials. 42 In our case, we have constrained the value to be within a realistic range of 5 Â 10 À20 to 60 Â 10 À20 J. Since the uncoated sharp Si tip had a starting radius of 2.0 nm, the Cr-coated tip radius R was constrained within the range of 1.0 to 10.0 nm. Finally, 
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since the tip is believed to be quite sharp, the tip cone angle γ was constrained within a range of 0 to 90°. The sample surface plane was defined by taking the average position of atomic nuclei on the NiO(001) surface, and the macrotip to sample distance H was defined as the minimum distance between the surface plane and the macroscopic tip sphere.
Within these constraints, the experimental data can be well-described by A H = 40 ( 12 Â 10 À20 J, R = 4.0 ( 0.9 nm, and γ of 16.4 ( 1.2°. Using these parameters, we were then able to extrapolate the absolute height H of the macroscopic tip at a given Δf from the theoretical force curve. The second major contribution to the total force comes from the electrostatic interaction between localized charges present in the metallic tip and the sample. Note that this very local electrostatic interaction is not nullified when compensating for the long-range average contact potential difference. This interaction determines the image contrast when the nanotip to surface distance D s is between 0.5 and 1.0 nm. In order to estimate the value and position of the dipole moment, we examined the electrostatic potential near a three-layer Cr nanotip on the Cr(110) surface, as shown in Figure 6 .
A contour plot of the electrostatic potential obtained from DFT calculations depicted in Figure 6A shows a spherical feature above the asperity, which may be interpreted as the positive lobe of a dipole moment. According to Figure 2 , the total dipole moment of a three-layer pyramidal nanotip is 5 D. However, the local electrostatic potential near the tip apex can be reproduced by positioning a 3 D point dipole at the apex atom, as shown in Figure 6B . The interaction between this point dipole and the electrostatic potential of the sample is then obtained from DFT calculations. Finally, we produce the macroscopic vdW þ electrostatic force field and use the virtual AFM (vAFM) 34 code to simulate NC-AFM scan lines at the experimental parameters of AFM operation. The vAFM code integrates the equation of motion of the cantilever and models feedback circuits found in a real apparatus, providing full simulation of the real experiment. The final possible contribution to total force in our model comes from local vdW interactions between the nanotip and the surface, which can be computed using a semiempirical method. 43 Since this contribution is heavily dependent on the precise atomic structure of the nanotip, which cannot be deduced from experimental data, we do not include these interactions in our initial vAFM simulations. Their importance is analyzed afterward to gain insight into the differences between theoretical and experimental images. Experimentally, we have measured NC-AFM images with atomic resolution of the bare NiO(001) surfaces using the same cantilever as in Figure 5 . Twenty-three scan lines in the [100] direction from one such image were averaged to obtain the mean atomic corrugation amplitude. The dipole moment at the tip and the height of the nanoasperity were then fit to reproduce this scan line, as shown in Figure 7 . The height of the macrotip H (see Figure 5 ) required to produce the experimental Δf of À50 Hz was calculated to be 1.24 nm. Point dipoles from 1 to 20 D were then placed at various positions corresponding to the apex atoms of asperities consisting of 1À5 atomic layers. The best fit was achieved with a tip dipole moment of 7 D positioned at the tip apex of a three atomic layer high nanoasperity (0.6 nm away from the macrotip). The theoretical noise in the calculated scan line is due to the digital phase lock loop and the integration time step employed within the vAFM.
Although the agreement between experimental and theoretical scan lines for this dipole moment value ARTICLE is remarkably good, we note that the magnitude and position of the point dipole are inter-related and cannot be uniquely defined. They provide only plausible information about the actual atomic structure of the tip. The local vdW interactions between the nanotip and the surface will differ, depending on the exact structure of the nanotip. In the distance regime proposed here, for a three-layer pyramidal nanotip model, this contribution to the image contrast is negligible and therefore not considered. At smaller nanotip to surface distances D s , however, these interactions will become important.
These results demonstrate that, at relatively large tipÀsurface separations, a Cr-coated tip can be consistently represented by a conical macroscopic tip terminated by a sphere and a pyramidal nanotip consisting of several atomic layers with a dipole moment of a few Debye. Out of 36 metal-coated tips, 26 were observed to possess sufficiently large dipole moments and were capable of atomic resolution. In the other nine cases, the tip was either too blunt or not metallic. We now show that this model also allows us to provide quantitative interpretation of NC-AFM images of CO molecules adsorbed at the NiO(001) surface.
Imaging the CO Molecule. An ultimate test of this model would be to compare theoretical scan lines using the point dipole approximation with experimental scan lines and images of small molecules, such as CO, on the NiO(001) surface. CO molecules were deposited onto the NiO(001) surface and imaged using the same Cr-coated tip as the one used to obtain atomic resolution on the surface (see Figure 7) and record long range forces (see Figure 5) . A large number of bright rings with central depressions (donuts), corresponding to individual CO molecules, can be seen in constant Δf images of the surface after deposition of CO, as shown in Figure 8A . Figure 8B shows scan lines over the centers of 60 CO molecules on NiO(001) in the [100] direction. These were then averaged to generate a mean scan line to compare with theoretical predictions using the same point dipole model parameters that reproduced the atomically resolved data on NiO(001) in the previous section.
DFT calculations of the CO molecule predict a 0.1 D dipole moment in the gas phase with the positive pole at the O atom. The CO molecule then adsorbs perpendicular to the surface with the C atom above a surface Ni ion and an adsorption energy of 0.3 eV. In the adsorbed state, the CO dipole moment increases to 0.4 D with its positive end pointing away from the surface. The molecule is tilted 6°toward a Ni atom with NiÀC contributing 2°and CÀO contributing 4°. This is qualitatively in agreement with prior theoretical predictions 44, 45 and within the error range of experimental estimates 46 of 12 ( 12°. This small tilt could be observable with a point dipole tip if vAFM images are generated from static DFT calculations performed at 0 K. However, due to high surface symmetry, there are four energetically equivalent configurations that must be considered. Transitions between these configurations occur through the purely upright configuration with an energy barrier of only 0.006 eV, which is within the error range of DFT and may be interpreted as ARTICLE negligible. Furthermore, molecular dynamics simulations performed at 8 K estimate that the attempt frequency for switching between these equivalent states is 10 13 Hz. Therefore, the molecule is rapidly switching between equivalent tilted configurations. Since AFM scan rates are many orders of magnitude slower than the switching frequency of CO on the surface, an average of the upright configuration and four equivalent tilted configurations must be considered when producing vAFM images or scan lines. When the AFM tip approaches a CO molecule on the surface, there is an attraction due to lateral interactions between the tip and molecule, as shown in Figure 9A . This interaction is responsible for the bright rings in the image. However, when the dipole of the tip and the CO molecule on the surface are nearly on top of each other and aligned with the positive ends pointed toward each other, the resulting local repulsive interaction is responsible for the dark spot within the bright rings.
The experimental scan line over an adsorbed CO molecule averaged over 60 scan lines and a theoretical scan line obtained using vAFM are compared in Figure 9A . The theoretical scan line was calculated using the model of the tipÀsurface vdW interaction described in the previous section. A 7 D point dipole positioned 0.6 nm below the macrotip was used to represent the Cr-coated tip and the electrostatic potential of the CO molecule on the NiO(001) surface was obtained from DFT calculations of the adsorbed system. The absolute minimum distance between the CO molecule and the nanotip (D m ) in this case was calculated to be 0.46 nm. The corresponding minimum distance between the nanotip and the NiO(001) surface (D s ) is 0.78 nm. At this tipÀsurface distance, atomic resolution of the surface should no longer be possible, in agreement with experimental data.
Theory predicts that the CO molecule is observed as a bright ring with a dark spot indicating repulsion at the center. Since surface atoms can no longer be resolved at this tipÀsample distance, the surface level can simply be defined as the cantilever height far away from the CO molecule. The bright ring is 3 pm above the surface level, while the depression is 26 pm below the surface level. The diameter of the ring is 0.6 nm in this case and defined as the horizontal distance between maxima on opposite sides of the bright ring. Averaged experimental scan lines give a similar bright ring 6 pm above the surface level with a standard deviation of 3 pm and an average depression that lies 20 pm below the surface level with a standard deviation of 2.5 pm. The experimental diameter of the bright ring was observed to be 0.52 nm with a standard deviation of 4 pm. The total size of the CO molecule is about 1.5 nm in both theory and experiment. Furthermore, the average height difference between maxima on opposite sides of the molecule is only 0.7 pm with a standard deviation of 2.2 pm. This indicates that the height of the ring is constant along the entire perimeter and that the dipole moment of the tip is therefore oriented nearly perpendicular with respect to the surface plane. Since the total size of the CO molecule is identical in experiment and simulation, tip convolution effects are negligible, indicating an atomically sharp tip.
The difference between the experimental and theoretical scan lines is shown in Figure 9B . The largest discrepancy is found near the center of the CO molecule and falls off with increasing distance. This difference may be accounted for by examining the vdW interactions between the CO molecule and the pyramidal nanotip. Since this contribution is always Figure 8B ) was produced by averaging over the data for 60 CO molecules on the NiO surface, and the theoretical scan line was produced by averaging over four energetically equivalent tilted states on the surface as well as the upright configuration. Including local vdW interactions improves agreement with experiment. (B) Difference between experimental and uncorrected theoretical scan lines with x = 0 representing the center of the CO molecule. (C) Local vdW interactions between the pyramidal nanotip scanning 0.46 nm above a CO molecule. This contribution was computed using a semiempirical scheme 43 assuming an upright configuration for CO.
ARTICLE attractive, it would reduce the depth of the depression and increase the height of the ring. Local vdW interactions between a pyramidal nanotip scanning 0.78 nm (D s ) above the surface and an adsorbed CO molecule were computed using a semiempirical scheme, 43 as shown in Figure 9C . At the center of the CO molecule, this attractive vdW force is roughly 30% as large as the repulsive electrostatic contribution and improves agreement between theory and experiment, as shown in Figure 9A . While these forces are of the appropriate magnitude and sign to explain the difference between theoretical and experimental scan lines and fall off at the appropriate distance away from the center of the CO molecule, they depend heavily on the height and precise geometry of the nanotip. Since many of our tip parameters are already interdependent, simply correcting for these vdW interactions is difficult. If CO molecules spend more time, on average, in the fully upright configuration than in the tilted configurations, the width of the ring and depth of the depression may differ. These interactions may prove to be of critical importance at shorter tipÀsample distances; however, our results clearly demonstrate that at large tipÀsample distances good agreement with experiment can be achieved using a simple point dipole model alone. Tip Sharpness and Resolution. The experimental and theoretical lateral dimensions of CO molecules adsorbed onto NiO(001) are the same size, indicating the presence of an atomically sharp tip apex and negligible tip structure convolution effects. Additionally, the nanotip appears very symmetric as ring height is constant along the entire perimeter. These properties are consistent with the proposed pyramidal tip model. However, this is not always the case as we also observe CO images obtained with blunter and more irregularly shaped tip apexes. In one such example, each surface feature is observed as a double ring, as shown in Figure  10A . Since AFM images are a convolution of the tip and the sample structures, one possible explanation is that the CO molecule on the surface is imaging a multitip instead. This assumption is consistent with experimental images of CO on NiO(001), which suggest that CO molecules do not aggregate. This agrees with our theory since their parallel dipole moments would repel each other on the surface. Within the point dipole approximation, our tip could then be represented by two point dipoles that interact with the CO molecule, as shown in Figure 10B .
In Figure 10A , the two rings are of the same size and height, suggesting that the two point dipoles should be of similar magnitude and positioned at roughly the same height above the surface. The distance between the two rings can be measured from the depression in the center of each one as 0.5 nm. Using this information, an atomistic tip model was proposed for the multitip, as shown in Figure 10C . The structure of this tip model was based on two pyramidal Cr asperities grown from a Cr(110) surface. It was constructed so that the lateral distance between apex atoms is 0.5 nm, and point dipoles were placed at each of these apex atoms. Theoretical images were then produced using the previously fit set of macroscopic tip parameters, experimental set points, and tip dipole. While these parameters were not fit to this particular set of experimental data, Figure 10D demonstrates good agreement with experiment using a generic point dipole model of the Cr-coated tip.
These results demonstrate how imaging small molecules adsorbed in upright configurations on a surface could be used to characterize the tip structure and confirm that images of adsorbed CO molecules in Figure 8A were indeed obtained with an atomically sharp symmetrical single asperity tip.
Imaging Larger Polar Molecules. Unlike CO-functionalized tips, metallic tips appear unable to image larger molecules with intramolecular resolution in the Pauli repulsion regime on insulators, as the recent studies of Co-Salen molecules on NaCl(001) 28 and NiO(001) 29 indicate. However, since metallic tips possess much larger dipole moments (a few Debye) than CO-functionalized tips (a few 0.1 D), they may be well-suited to probe the dipole moments (or the electrostatic potential) of larger molecules. Co-Salen is a large polar molecule and provides a good example to illustrate this point. Previous calculations show that the Co-Salen molecule on NiO(001) possesses a 6 D dipole moment aligned along the symmetry axis. 29 The positive end of this dipole moment is oriented toward the N atoms, while the negative end is oriented toward the O atoms. This molecular dipole moment can be visualized using the electrostatic potential of the system from DFT calculations as seen in Figure 11A . The negative When this vertical component is added to the horizontal component, the symmetry of the imaged dipole moment is broken. The bright attractive region should now be roughly twice as large as the dark repulsive one, as seen in Figure 11B . Although the atoms within the Co-Salen molecule are not resolved, it may be possible to image the positive and negative lobes of the molecular dipole.
In previous studies of Co-Salen, this imaging mechanism was used to obtain atomic resolution of the NiO surface while the molecule itself was probed at a distance where both Pauli repulsion and electrostatic interactions were present. At such ranges, the bright and dark lobes of the molecule itself could not be consistently identified. However, when Co-Salen molecules are imaged at much greater distances, where the surface atoms are no longer visible, it is possible to resolve the horizontal dipole moment of a Co-Salen molecule, as shown in Figure 11C . The molecule seen in this image consists of a large bright oval and a smaller dark shadow. The shadow appears in both the trace and retrace images, indicating that these dark regions are not due to tip effects. The bright region of the molecule is indeed much larger than the dark repulsive region, which is consistent with theoretical predictions of a tilted total dipole moment on the surface.
DISCUSSION AND CONCLUSIONS
Our experimental results combined with DFT calculations confirm that the Cr tips used in this work possess permanent dipoles with the positive ends oriented toward the sample surface. Long-range vdW interactions between the macrotip and the surface were accounted for by fitting directly to experimental Δf(z) curves, which were converted into F(z) curves. The midranged electrostatic interactions were accounted for by considering the interaction between a point dipole located at the tip apex and the electrostatic potential of the sample. On atomically flat polar surfaces, such as NiO(001), the corrugation in the electrostatic potential stems from the periodic arrangement of ions but can also result from the local electric dipole moment of an individual molecule. To demonstrate the feasibility and validity of our point dipole approach, the magnitude and position of a point dipole positioned at the tip apex were fit to experimental scan lines exhibiting atomic resolution on NiO(001) using the vAFM. Using these parameters, we successfully tested our point dipole model on CO molecules adsorbed on NiO(001), which were imaged as donuts using the very same tip. Our method for computing electrostatic interactions is similar to the work of Chelikowsky et al.;
47 however, we carefully justify the distance regime and force contribution that is represented in order to produce a quantitative method. On the basis of these findings, we more generally suggest that atomically sharp metallic tips, either coated Si cantilevers or wire tips, end in a nanoasperity which can be well-described as a pyramid. This greatly reduces the number of possible tip structures that must be considered. In contrast, Si or oxidized Si tips can possess a large number of stable configurations. 
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Therefore, several likely tip structures must be tested in order to achieve reasonable agreement between theory and experiment. 48 Metallic tip apexes also possess a rather large electric dipole moment of a few Debye that usually points with its positive end toward the surface and can be well-modeled as a point dipole. This property facilitates unambiguous atom identification on polar surfaces at rather large tipÀsample separations and substantially reduces the complexity of interpreting experimental data. Moreover, these tip point dipoles may be able to probe the dipole moment of polar molecules on the surface. Metallic tips may also be functionalized by picking up small molecules such as CO. 21 Such tips have recently been used to obtain intramolecular resolution in the repulsive regime using constant height imaging. 49, 50 However, due to the small tipÀsample distance and the resulting strong tipÀsample interactions in the repulsive regime, image distortions and relaxation effects have to be considered. Since CO possesses an intrinsic dipole moment with its positive pole on the O atom and adsorbs with its C atom onto metal surfaces, it will likely also possess a dipole moment with its positive pole pointing toward the surface. Note that the dipole moment of the metallic nanotip on which CO adsorbs tends to increase the total dipole moment of the adsorbed molecule due to polarization effects. Therefore, CO-functionalized tips can be expected to behave similarly to metal tips, even though their dipole moment is probably smaller. Unfortunately, CO-functionalized tips can be only prepared at low temperatures (otherwise CO is too mobile), and not all sample systems are suitable for CO adsorption. From a practical point of view, one has to be aware that all tip apexes can become contaminated with sample material during scanning. Therefore, tip changes should be monitored. Whether tip material was lost (the tip becomes shorter) or sample material has been picked up (the tip becomes longer) can be determined by observing the z-signal. In the latter case, atom identification on ionic surfaces using metallic tips becomes ambiguous, as the image contrast is determined by the charge state of the foremost tip apex atom. Note that this is true for silicon, silicon oxide, and functionalized tips, as well. However, if a metallic tip picks up nonconductive sample material, the bias spectroscopy curve becomes nonmetallic; that is, the smooth parabola exhibits jumps or hysteresis. 27 In this way, bias spectroscopy provides a convenient in situ tool to characterize the state of the metallic tip apex and monitor contamination by nonconductive sample material. If the tip becomes nonmetallic, it can be dipped into a metallic substrate (e.g., Cu) to metallize the tip apex again (voltage pulses are also an option). The use of monitored metallic tips will be advantageous when performing Kelvin probe force microscopy (KPFM) or electrostatic force microscopy (EFM), avoiding the complications of interpretation described by Bieletzki et al.
51
In summary, metallic tips can be conveniently prepared in situ and remetallized if they become contaminated. The most stable and thus most likely atomic configuration of the tip apex is a pyramid that possesses a large electric dipole moment of a few Debye with its positive pole pointing toward the surface. This greatly reduces the complexity of interpreting experimental data while allowing for an unambiguous identification of ionic species on polar surfaces at relatively large tipÀsample distances. Metallic tips may also be able to detect the electric dipole moments of adsorbed molecules and should be used in KPFM and EFM experiments. It is worth mentioning that, if magnetic metals are used, even magnetic moments can be resolved with atomic resolution. 52, 53 In this context, pyramidal nanotips provided excellent agreement between DFT calculations and experimental data regarding the magnitude and distance dependence of the magnetic exchange interaction. 54 
METHODS
Experimental Methods. All measurements were performed at about 8 K with a home-built low-temperature ultrahigh vacuum (UHV) force microscope. 55 The substrate, NiO, crystallizes in the rock salt structure with a lattice constant of 417 pm. Clean (001) surfaces were prepared by in situ cleavage of single crystals at a pressure of about 1 Â 10 À10 hPa and subsequent annealing at about 500°C to remove residual charges. After cooling the substrate in the cryostat, CO molecules were admitted via a leak valve and Co-Salen molecules were evaporated from a crucible. At these low temperatures, both species are immobile, leading to a random distribution of well-separated individual molecules on the surface.
High-resolution AFM measurements were performed in the noncontact mode (NC-AFM) using the frequency modulation technique (FM-AFM). 56 In this mode of operation, the cantilever self-oscillates with constant amplitude A 0 at its resonance frequency f 0 . Forces between the tip and sample shift the actual cantilever frequency f by Δf = f À f 0 . To image in the noncontact regime, where attractive forces dominate, a suitable negative Δf was chosen as set point for the z-regulator. Scanning the tip line by line across the (x,y) sample surface while Δf is kept constant provides a z(x,y) map of constant tipÀsample interaction (i.e., the topography).
To prepare a tip with an electric dipole moment at its apex, supersharp Si cantilevers (2 nm nominal tip radius from www. nanosensors.com) were coated in situ with a few nanometers of Cr. The contact potential difference (CPD) between the tip and sample was determined by recording Δf(U bias ) curves. U bias = U CPD was applied between tip and sample to minimize long-range electrostatic interactions. As previously described, 27 these curves were also used to characterize the metal-coated tips.
Density Functional Theory. Investigations of the NiO(001), Cr(110), and Cr(001) surfaces were performed using the CP2K code and the mixed Gaussian and plane wave approach. 57, 58 These calculations included geometry minimization and molecular dynamics of the bare surfaces and surfaces with adsorbed single molecules.
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Cr surfaces and tip asperities were constructed based on prior experimental studies. Field ion microscopy experiments 20 on W tips show that metal-coated tips may appear spherical and possess (110) terraces near the tip apex. Scanning electron micrographs of sputtered Cr films on SiO 2 36 show that deposited films of Cr may be rough and decorated with a variety of asperities. Using these results, we approximated our Cr-coated tips as macroscopic spheres terminated by (110) terraces decorated by a variety of asperities. Representative nanotips were constructed as pyramidal asperities on the Cr(110) surface, as shown in Figure 1 . Asperities on the Cr(001) surface were constructed in the same way. These Cr tip asperities were treated using the PBE/GGA 59,60 functional along with a plane wave cutoff of 350 Ry and the MOLOPT 61 basis set. The basis set was further optimized to produce a 4.8 eV work function for the (110) surface and a 4.0 eV work function for the (001) surface, in good agreement with prior calculations. 27, 62 The dipole moment of these asperities can be calculated by considering the electrostatic potential averaged across the xy plane in the two-dimensional periodic cell. The presence of an asperity will shift the vacuum level on either side of the slab and change the work function. This effect can be considered using the parallel plate capacitor model. 63 The work function change is related to the magnitude of the dipole moment and the surface area as follows:
where D is the dipole moment due to the presence of an asperity, A is the area of the system, ε 0 is the electric permittivity of vacuum, and e is the unit of elementary charge. NiO(001) with adsorbed Co-Salen and CO molecules was treated as previously described. 29 The B3LYP 64,65 hybrid functional was employed in order to describe the NiO surface and the adsorbed molecules to produce a NiO band gap of 3.6 eV compared to an experimental value of 4.3 eV 66 and negligible surface rumpling in agreement with experiment. 67 Additionally, prior calculations suggest that B3LYP is able to produce reasonable bond lengths for the CO molecule on NiO despite a very large basis set superposition error (BSSE). In order to reduce BSSE in our calculations, we employed the MOLOPT 61 basis set and calculated the adsorption energy of CO on NiO(001) to be 0.3 eV, in agreement with prior studies. 44, 45 The tilted configuration of CO on NiO was also reproduced with total tilt of 6°.
Finally, in order to mitigate the expense of using a hybrid functional with extensive basis sets, we employed the auxiliary density matrix method. 68 We chose an auxiliary basis set consisting of three uncontracted Gaussians for each angular momentum channel. The auxiliary basis sets for Ni and Co were fit to a set of test molecules, and the basis sets for all other elements were taken from the standard CP2K distribution (pFIT3). 68 The results demonstrate that this basis set and functional produce accurate surface properties and can reasonably represent the adsorbed system, while reducing the BSSE to less than 0.1 eV.
The NiO(001) surface was simulated as a three-layer slab consisting of 288 atoms. The surface size was selected in order to avoid interactions between molecules in the 2D periodic simulation by increasing the size of the cell until the adsorption energy converged. The plane wave cutoff was selected to be 400 Ry by similarly increasing it until adsorption energy converged. A semiempirical correction method 43 was employed to account for long-range dispersion interactions.
Calculating Electrostatic Interactions. If the tipÀsurface distance is large enough, it is reasonable to assume that the structural deformation of both the metallic tip and the surface can be neglected. However, electronic relaxations may be more significant and need to be considered. Image charges and dipoles, in particular, may contribute significantly to the forces. Fortunately, when studying bulk insulating surfaces, the only image charge that can be induced within our system is the one in the metallic tip by a surface feature. The distance between the image and the surface will be much larger than the distance between the tip apex and the surface resulting in a greatly reduced contribution. The forces resulting from image interactions can be calculated using well-known models as previously described. 69 For a typical 10 nm radius AFM tip 0.5 nm away from the surface interacting with a feature that possesses a 5 D dipole moment, the image dipole contributes less than 5% of the total midrange forces. Additionally, the tip will only spend a small fraction of the oscillation cycle this close to the surface, further reducing the effect of the image dipole. Since the midrange component is already only a small fraction of the total force, the image contribution is neglected in our model for the sake of simplicity.
The remaining contribution to midrange forces can be attributed to electrostatic interactions between the dipole of the metallic tip and the surface. The AFM tip in this model is approximated as a point dipole far from the surface, and the forces experienced by this tip can be calculated as follows:
where F is the normal force felt by the tip, D xyz represents the orientation and magnitude of the dipole moment of the AFM tip, and V E represents the electrostatic potential of the system at each point of interaction. In the case of blunt tips, the tip structure is represented using an array of point dipoles. The forces experienced by a blunt tip consisting of n dipoles can expressed as follows:
These forces can then be combined with the long-range contribution to generate a complete three-dimensional force field. The final virtual AFM simulations were performed using a previously developed code. 34 
